We report what is to our knowledge the first observation of the effect of parallel-to-interface-refraction (PIR) in a three-dimensional, simple-cubic photonic-crystal. PIR is an acutely negative refraction of light inside a photoniccrystal, leading to light-bending by nearly 90 deg over broad wavelengths (λ). The consequence is a longer path length of light in the medium and an improved light absorption beyond the Lambertian limit. As an illustration of the effect, we show near-unity total absorption (≥98%) in λ 520-620 nm and an average absorption of ∼94% over λ 400-700 nm for our α-Si:H photonic-crystal sample of an equivalent bulk thickness oft 450 nm. Furthermore, we have achieved an ultra-wide angular acceptance of light over θ 0°-80°. This demonstration opens up a new door for light trapping and near-unity solar absorption over broad λs and wide angles. There is a great deal of interest in efficient light trapping in thin film solar cells for approaching the ShockleyQueisser limit [1] and for low cost photovoltaics. As solar radiation is broadband [2] and its incident angle on earth varies over time, solar light trapping must be effective over a broad range of wavelengths (λ) and wide angles (θ). A random surface-structure can be used to trap light by multiple scatterings and leads to a prolonged optical path. For a properly prepared random surface, geometric optics predicts an increased path length by as much as 4n 2
There is a great deal of interest in efficient light trapping in thin film solar cells for approaching the ShockleyQueisser limit [1] and for low cost photovoltaics. As solar radiation is broadband [2] and its incident angle on earth varies over time, solar light trapping must be effective over a broad range of wavelengths (λ) and wide angles (θ). A random surface-structure can be used to trap light by multiple scatterings and leads to a prolonged optical path. For a properly prepared random surface, geometric optics predicts an increased path length by as much as 4n 2 [3] . However, the geometric optics approach is less effective where the sample thickness is comparable to the incident λ of light. Accordingly, sub-λ surface-structures, including plasmonic, nano-wire, and nano-cone, have been proposed as new routes for light trapping [4] [5] [6] [7] [8] [9] . Periodic surface-structures, such as one-and twodimensional photonic-crystals [10] [11] [12] [13] , have also been studied due to their ability to localize and trap light near the band edge. Most recently, a three-dimensional (3D) simple-cubic photonic-crystal has been proposed to trap light by anomalous light refraction [14] [15] [16] parallel-to-theinterface (PIR) of a thin film sample [16] [17] [18] . This extreme light-bending by nearly 90 deg is expected to offer a two orders of magnitude absorption enhancement over that of single-path absorption. So far, there is no experimental demonstration of enhanced solar absorption over broad λs and wide θs using 3D photonic-crystal thin film architecture.
Our 3D photonic-crystal possesses simple-cubic symmetry. For two decades, the most studied 3D photonic-crystal has a diamond symmetry that produces a large photonic bandgap [19] . Here, we choose simplecubic symmetry to enforce negative refraction in the photonic-allowed bands. One experimental realization of the lattice structure is to stack layers of 1D-gratings in a sequential fashion [19] as shown in Fig. 1(a) . Two stacking layers form one unit-cell of the simple-cubic lattice. The vertical and horizontal red arrows indicate the directions of the incident and refracted light, respectively. In Fig. 1(c) , we show the corresponding Brillouin zone and the symmetry points in wave vector space. In Fig. 1(d) , we show the computed dispersion, frequency versus wave vector, of our 3D photonic-crystal sample. For a sample with lattice constant a 300 nm, the green square box corresponds to allowed bands in the relevant solar wavelength of λ 450-800 nm. In Fig. 1(e) , we show an iso-frequency plot of band-3 of the dispersion shown in Fig. 1(d) . It has a square-like contour, reflecting the simple-cubic symmetry and also allowing for light refraction parallel to the interface. The red arrows indicate the flow of energy, which is along the gradient of the constant frequency contour. In Fig. 1(f) , we show an iso-frequency plot of band-27, which is slightly more complicated but still exhibits a square-like contour as well as the effect of PIR. We comment that, for higher-order allowed bands, such as band-27, the optical modes are more densely populated and the high density-of-states (DOS) regime has a nearly continuous spectrum. On the other hand, for those lower-order bands such as band-3, the bands are much more discrete and the peaks in DOS become separated. This contrast in the DOS spectrum will have important consequences on the absorption spectrum of our simple-cubic lattice.
Our 3D simple-cubic lattice was fabricated using a standard microelectronic process over a 4-in. wafer [19, 20] . In the first step, hydrogenated amorphous silicon (α-Si:H) is deposited on a fused silica wafer. The 1D grating is created by deep UV lithography and the grating patterns then transferred to the α-Si:H thin film by deep reactive-ion-beam [21] . After removal of the resist, hydrogen silsesquioxane (HSQ) is spin-coated onto the pattern for planarization. After thermal curing, excess HSQ overlayer is removed and a one-layer grating is created. By repeating the process three more times, a 4-layer simple-cubic lattice is fabricated. In Fig. 1(b) , we show a scanning electron micrograph of a successfully fabricated 4-layer sample. It has a lattice constant of a 350 nm, rod-width (and height) of w a∕2 175 nm.
In Figs. 2(a)-2(c), we show spectra taken from an unstructured α-Si:H thin film (t 600 nm thick) and two photonic-crystals with a 350 and 450 nm, respectively. The spectra include total transmission (blue curve), reflection (red curve), and absorption (green curve) and were measured using an integrating sphere setup. Computational results are also shown as dashed lines. In Fig. 2(a) , the thin film has an intermediate absorption of A ≈ 60% in 400 nm ≤ λ ≤ 580 nm and a weak absorption of A ≤ 30% in 640 nm ≤ λ ≤ 800 nm (the gray region). In the gray region, the weak absorption is due to the fact that it is near the α-Si:H bandgap of λ g ≈ 700 nm. Meanwhile, the strong oscillations in both the transmission and reflection spectra are due to multiple interferences [16, 17] . This is the region where strong absorptionenhancement is needed. In Fig. 2(b) , the a 350 nm photonic-crystal shows a higher absorption of A ≈ 85% over a broader range in 400 nm ≤ λ ≤ 630 nm. The weakly absorbing region of A ≤ 30% (the gray region) now moves to 680 nm ≤ λ ≤ 800 nm. This enhanced absorption is accomplished with a 4L photonic-crystal having a 50% fillingfraction and an equivalent bulk thickness oft 350 nm. Note that there are also resonant oscillations [16, 17] in longer λs (λ ≥ 700 nm), or the lower-order allowed bands in the dispersion shown in Fig. 1(c) . We further note that the experimental and computational results agree well. Finally, in Fig. 2(c) , a 450 nm photoniccrystal shows an even higher absorption of A ∼ 90% in 400 nm ≤ λ ≤ 640 nm. The weakly absorbing region moves further to 725 nm ≤ λ ≤ 800 nm (the gray region). Again, the agreement between experimental and computational results is good.
There are two points worth noting. First, in the range λ 400-650 nm, the increase of absorption from A ≈ 60% to 85%-90% indicates a significant enhancement to absorption over planar film of similar thickness by the simple-cubic lattice. To reach near-unity absorption, the remaining 10% is lost mainly to reflection, which can be eliminated by a proper antireflective coating [22] . Second, the systematic shift of the weakly absorbing region (the gray region) to longer λ, i.e., from λ 580, 680 to 725 nm, shows that absorption enhancement depends on the lattice constant. This dependence can be understood by observing scaling of the photoniccrystal dispersion with its lattice constant. This scaling dependence suggests that the absorption enhancement may originate from the engineered photonic-crystal dispersion, exhibiting a PIR effect.
To better quantify the absorption enhancement, we define an "enhancement factor" [7] as the ratio of absorption between a simple-cubic lattice and an unstructured Refl.
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Trans. 600 nm thick α-Si:H thin-film. In Fig. 3(a) , we show the enhancement factor as a function of λ for three simple-cubic samples: a 350 nm (red curve), 400 nm (green curve), and 450 nm (blue curve). As a benchmark, the maximum enhancement (black dotted curve) is needed to reach perfect absorption (100%) and is also calculated from Fig. 2(a) data. In 400 nm ≤ λ ≤ 600 nm, the observed enhancement factor approaches the maximum value of 2 for all three samples. In this regime, α-Si:H material has a strong absorption constant and there is less need for strong enhancement. In the longer λs, 600 nm ≤ λ ≤ 800 nm, the enhancement factor exhibits discrete oscillations and also higher values for those larger lattice constant samples. The discrete oscillations are attributed to resonances due to PIR at the lower-order allowed bands of the dispersion shown in Fig. 1(c) . The stronger enhancement at larger lattice constants is caused by movement of the high DOS regime in the dispersion toward longer λs. For a sample where a 450 nm (t 450 nm), the enhancement is 17 times, or λ 720 nm over that for the thin film (t 600 nm). The enhancement may be further increased to 50 times at λ ≈ 780 nm by using a back-reflector. This value is already close to the predicted two orders of magnitude enhancement in 3D photonic-crystal structures [7, 16, 17] . In essence, the phenomenon of PIR is a result of the intricate dispersion engineering of a 3D photonic-crystal. Theoretically, the absorption enhancement due to the PIR effect must follow the dispersion and scale of the lattice constant for a photonic-crystal. In the following, we study the lattice constant dependence of absorption in simple-cubic lattices. We assume no reflection from the structures and examine the absorption (Abs) over (1-R) ratio, which accounts for the incident light that enters the air/structure interface.
The Abs/(1-R) ratio is shown in Fig. 3(b) . In the range 400 nm ≤ λ ≤ 600 nm, the ratio is close to unity and, hence, all the light that enters the structure was absorbed. In the range 600 nm ≤ λ ≤ 750 nm, the absorption curve shows a rapid drop and a clear lattice-constant dependence. Specifically, as the lattice-constant is increased from a 350 , 400 to 450 nm, the drop to 50% absorption (the horizontal line) is extended to longer λs, from λ 670 , 700 to 730 nm (the vertical arrows). We comment that the PIR effect arises when electromagnetic dispersions are "flat" in the photonic allowed bands [16] . As the lattice-constant increases, the band-edge also shifts to longer-λs, allowing more resonance modes for lighttrapping and guiding. This point follows from the scaling property of photonic-crystal dispersion. The scaling confirms our earlier assertion that the absorption enhancement is a direct consequence of dispersion engineering of a simple-cubic lattice. Furthermore, the Lambertian limit is calculated using optical constants measured by ellipsometry, shown in Fig. 3(c) . The measured optical constants are also independently verified by using polarizer-sample-analyzer ellipsometry [23] . The data show that all three samples exceed the statistical raytrapping limit (the Lambertian limit) for a broad λ range 700 nm ≤ λ ≤ 800 nm. For comparison, the Lambertian limit is also calculated with optical constants obtained by Fujiwara [24] and the samples exceed the limit in 760 nm ≤ λ ≤ 800 nm.
To further improve the absorption, we now introduce a back-reflector and an antireflection-coating into our photonic-crystal structures. In Fig. 4(a) , we show absorption spectra taken from four different samples. The two spectra for a 350 nm (red curve) and 450 nm (blue curve) serve as references. The blue dashed and black dotted curves are data taken from samples with an aluminum back-reflector and with both Al reflector/ antireflection coating, respectively. The combination of photonic-crystal and aluminum reflector yields an average total absorption of ∼90% over 400 nm ≤ λ ≤ 700 nm and ∼50% over 700 nm ≤ λ ≤ 800 nm. By adding an aluminum reflector and antireflection coating [25] , an average total absorption of 94% over 400 nm ≤ λ ≤ 700 nm is obtained. Meanwhile, near-unity total absorption (≥98%) in λ 520-620 nm is achieved for our 4L simplecubic lattice. From the absorption data, and assuming that for each absorbed photon an electron-hole pair is generated and collected, the maximum achievable photocurrent density (MAPD) can be computed [7] . For the α-Si:H thin film and a 350 nm and 450 nm photoniccrystal samples, the calculated MAPDs are 9.1, 15.0, and 17.2 mA∕cm 2 , respectively. Hence, using photoniccrystals alone could double the useful electrical current generated. Furthermore, by adding an aluminum reflector and Al-reflector/antireflection coating combination, the MAPDs are increased to 19.1 and 20.2 mA∕cm 2 , respectively. We note that there is a pathway to conformably coat the 3D simple-cubic lattice with a p-i-n junction for solar absorption and photocurrent generation [26] .
Last, one unique feature of the PIR effect in a 3D simple-cubic lattice, is its ability to achieve high absorption over broad angles of incidence θ. It has been theoretically predicted that, for a wide range of off-normal incident wave vectors, the propagation directions of the Bloch modes inside the lattice are parallel to the air/lattice interface, resulting in high absorption for broad θs [13, 16] . To validate such an effect experimentally and to further confirm the PIR effect, the θ-dependence of absorption was measured for our sample, with a lattice constant a 450 nm. The total absorption measurements were taken with θ ranging from 5°up to 80°(in 10°incre-ments). The results are shown in the surface plot in Fig. 4(b) . The plot shows the absorption is sustained at around 90% in the shorter λ range, up to 50°. It is only reduced to 80% absorption at θ 70°. At θ 80°, the absorption is still around 70%. Furthermore, in longer λ ranges (λ > 600 nm), the drop in absorption is much less noticeable. This indicates that high DOS resonance modes are maintained by the PIR effect of the 3D photonic-crystal thin film architecture even at very high θs in the longer λ range.
In summary, we report what is to our knowledge the first observation of the PIR effect in a 3D simple-cubic photonic-crystal. Specifically, an average absorption of 94% in λ 400-700 nm is shown for the 4L photoniccrystal with an equivalent bulk thickness oft 450 nm. Near-unity total absorption (≥98%) is achieved in λ 520-620 nm. We have also observed a wide angular acceptance of light over θ 0°-80°. This demonstration opens a new door for light trapping and near-unity absorption over broad λs and wide θs using photoniccrystal thin film architecture. 
